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CYANIDE SENSING COMPOUNDS AND USES THEREOF 
BACKGROUND OF THE INVmmON 

5 Field of the Invention 

The field of this invention relates generally to the detection, determination, and quantitation of 
cyanide compounds, and more specifically, to a cyanide detection method using highly 
fluorescent and cyanide sensitive boronic acid containing fluorophores, wherein a change in a 
1 0 measured fluorescent property correlates to the concentration of the cyanide compound. 

Background of the Related Art 

« 

Cyanide is one of the mo^ lethal poisons known and the toxicity of its salts has been exploited 
15 for many hundreds of years. It was not until 1782 that cyanide was identified, isolated by the 
Swedish Chemist Scheele, who later died from cyanide poisoning [1]. Blood cyanide levels for 
healthy persons have been reported as being « 0.3 fiM using a gas chromatography method [4], 
with lethal cyanide blood levels for fire victims in the cyanide concentration range 23-26 jjM [4, 
5], some 2 orders of magnitude higher than normal healthy blood levels. 

20 

More recently, cyanide was unsuccessfully used as a chemical warfare agent in World War 1, 
primarily because of the way it was delivered [1]. It is also thought to have been used against the 
inhabitants of the Kurdish city of Hama, Iraq [2], and in Shahabad, Iran, during the Iran-Iraq war 
[3]. Based on recent cyanide history, acute cyanide poisoning continues to constitute a threat for 
25 military forces in future conventional and imconventional conflicts [1]. 

Cyanide is also readily used in industry in the making of plastics, in the recovery of gold and 
silver from ores, and in the electroplating of metals, such as silver, gold, platinum and copper [1]. 
However, while cyanide is used in both military and industrial applications, cyanide poisoning is 

30 not common. However, more surprisingly poisoning occurs from smoke inhalation from 
residential and industrial fires [1, 4, 5], where the combustion of synthetic products that contain 
carbon and nitrogen, such as plastics and synthetic fibers, release cyanide. There have been 
numerous studies of fire victims to assess the lethal levels of cyanide [1, 4, 5, 9]. Fire survivors 
have been found to have < 20 uM cyanide in blood, while victims were found to have levels 

35 greater than =<20-30 uM and in some cases as much as 100 mM cyanide [1, 9]. 
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Cigarette smoke also contains cyanide, the nonsmoker typically averages about 0.06 wg/mL (2.3 1 
iM) of cyanide in blood, where as a smoker typically averages 0.17 ug/mL (6.5 «M) [6]. 

The mechanism of cyanide poisoning is by absorption. Absorption occurs through the lungs, GI 
S track, and even skin. Cyanide's toxicity lies in its ability to inhibit oxygen utilization by cells, 
binding the ferric iron in cytochrome oxidase [7, 8], thereby blocking the oxidative process of 
cells. Hence the tissues with the highest oxygen requirement (brain, heart and lungs) are the 
most affected by acute poisoniiig. 

10 The estimated intravenous dose that is lethal to SO % of the exposed population (LD50) of HCN 

for a man is 1.0 mg/kg, and the estimated LD50 for liquid on the skin is about 100 mg/kg [1]. 

Hence any cyanide monitoring analytical technique would need a cyanide dynamic range from 
only few uM to < 30 uM to ensure physiological safeguard. 

1 5 Numerous chemical and physiochemical methods for the detection and determination of cyanides 
have been used, such as potentiometric, chromatographic, spectrophotometric, flow injection and 
electrochemical analysis, but only potentiometric determination has been reported as offering 
continuous cyanide monitoring [48]. Blood cyanide levels for healthy persons have been 
reported as being ~ 0.3 uM using a gas chromatography method [4], with lethal cyanide blood 

20 levels for fire victims in the cyanide concentration range 23-26 wM, approximately 100 times 
higher than normal blood levels. Thus, there are methods for detecting cyanide levels [10-30], 
but most of these systems are not cheap, portable or field deployable, and most requiring the 
benefits of an analj^cal laboratory [10-30]. 

25 Fluorescence techniques for sensing a target a fluorescent property, such as lifetime, intensity 
and wavelength ratiometric sensing [31-33] offer many advantages in the development of 
miniaturized, cheap, remote, accurate and precise sensors for both laboratory and environmental 
sensing [31-33]. It is widely accepted that ratiometric or lifetime-based methods offer intrinsic 
advantages for both chemical and biomedical fluorescence sensing [31, 32]. Fluorescence 

30 intensity measurements are typically unreliable away from the laboratory and can require 
frequent calibration due to a variety of chemical, optical, or other instrumental-related factors. 
Unfortunately, while fluorescent probes are known to be useful for many applications such as in 
fluorescence microscopy, fluorescence sensing, and DNA technology, most sensing fluorophores 
display only changes in intensity in response to anal)^es and hence relatively few wavelength 

35 ratiometric probes are available today. 
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Some useful wavelength ratiometric probes are available for pH, Ca^^ and Mg^% but most 
generally display small spectral shifts and negligible lifetime changes and are subsequently 
inadequate for quantitive sensing measurements. Thus, one constraint with fluorescence based 
5 cyanide sensing to date, has been the development of suitable probes that show appropriate 
changes in their fluorescent properties in the 100 nM-30 uM cyanide concentration range. 

Accordingly, it would be advantageous to develop new methods for determination of cyanide 
contaimng compounds that are sufficiently sensitive to quantitatively determine cyanide levels in 
10 biological and environmental samples, wherein the method is simple, cheap and fast to both 
detect and determine cyanide levels up to physiological lethal/safeguard levels, <20 //M, without 
the negative aspects of the prior art. 
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SUMMARY OF THE INVENTION 

The present invention generally relates to highly fluorescent and cyanide sensitive boronic acid 
containing fluorophores and methods of using such fluorophores to detect and quantify the 
amount of cyanide in biological or environmental test samples 

20 In one aspect, the present invention relates to a method for testing a sample for the presence of a 
cyanide compound, the method comprising: 

a) reacting at least one boronic acid containing fluorophore with the sample, 

b) illuminating the sample and boronic acid containing fluorophore to generate a response 
in a fluorescent property; and 

25 c) observing the sample with means for detecting the fluorescent property, wherein a 

change in the fluorescent property relative to a control value for an unbounded free 
boronic acid containing fluorophore indicates the presence of cyanide. 

The boronic acid containing fluorophores of the present invention may include any boronic acid 
30 containing fluorophore which has a sufficient binding affinity for cyanide to essentially exclude 
other binding compounds. The boronic acid containing fluorophores may mclude, but are not 
limited to, the following structures including: 
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wherein is H, a straight chain or branched CrC4 alkyl group, C1-C4 alkoxy group, aryl group, 

or an amme group NR^R^ wherein and R^ may be tiie same as or different from one another 

and is independently selected from the group consisting of H and d - C4 alkyl groups, and, R^ , 
3 4 

R and R may be the same or different and may be hydrogen or B(OI^ with the proviso that the 
compound comprises one B(OH)2 group; 

(H) 

(HO)2B 

wherein X is chloride, bromide or iodide, and R is selected from the group consisting of H, 
straight cham or branched Ci-Ca alkyl group, C1-C4 alkoxy group, aryl group, hydroxyl, sulfonyl, 
and NR R , wherein R and R^ may be the same as or different from one another and is 
independently selected from the group consisting of H and Ci - C4 alkyl groups; 

(in) 




(TV) 




(HO)2B 




(V) 
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wherein X is chloride, bromide or iodide; 



(vn) 



NC 

ii~k rjr -Vh f "V 

B(OH); 



(vni) 




B(OH)2 



OX) 




B(OH)2 
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A preferred boronic acid containing fluorophore comprises a fluorescent phenyl boronic acid 
compound, wherein the fluorophore moiety comprises a heterocyclic quaternary nitrogen (a ring 
nitrogen) linked through a phenyl ring with the boronic acid moiety. 

In another aspect, the present invention relates to a method for testing a biological or 
environmental test sample for the presence of a cyanide compound, the method comprising: 

a) reacting a boronic acid containing fluorophore with the sample, 

b) illuminating the sample containing the fluorophore to generate a fluorescent property; 
and 

c) observing the sample with means for detecting the fluorescent property, wherein changes 
in the fluorescent property indicates the presence of cyanide, wherein the boronic acid 
containing is present in a concentration of 100 nM to 20 wM; the cyanide is present in a 
concentration of about 5 mM to about 50 iM; the illuminating step is accomplished using 
excitation at a range from about 330 to about 370 nm; and the observing step is 
accomplished using a fluorometer, fluorescence microscope, a laser scanner, or flow 
cytometer. 

In another aspect, the present invention relates to a composition comprising a test sample 
suspected of containing a cyanide compound and at least one boronic acid containing 
20 fluorophore. 

■ 

In yet another aspect, the present invention relates to kit for detecting and quantifying the amount 
of cyanide in a test sample, the method comprising: 

a container comprising at least one a boronic acid containing fluorophore, wherein the 
25 boronic acid containing fluorophore is adhered to a solid support material, impregnated 

therein or in solution in an amount sufficient to react with any cyanide in a test sample. 

In the alternative, the kit may include a solid support material coated with a preferred 
fluorophore for contact with a test sample suspected of comprising a cyanide compound, wherein 

30 the solid support nlaterial may include, but not limited to, a non-aqueous matrix which may be a 
polysaccharide (such as agarose and cellulose); and other mechanically stable matrices such as 
silica (e.g. controlled pore glass), poly(styrenedivinyl)ben2ene, polyacrylamide, ceramic 
particles, optical fibers and derivatives of any of the above. In one embodiment, the solid 
support material comprises controlled pore glass beads retained in a column that is coated with a 

35 preferred fluorophore that has high affinity for a cyanide compound. 
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The kit may further include an illuminating source and/or a detection instrument, if the 
fluorescent property change is not triggered by visible light or any changes that are not detectable 
in the visible range. 

Other features and advantages of the invention will be apparent from the following detailed 
description, drawings and claims. 

BRIEF DESCRIPTION OF THE FIGURES 

Figure 1 shows the equilibrium involved in the interaction between a boronic acid group and 
cyanide. 

Figure 2 shows the molecular structure of the ortho, meta and ^ora-BMOQBA and BMQBA 
probes and the respective control compounds BMOQ and BMQ, which do contain the boronic 
acid functional group. 

Figures 3 A and B show the absorption and emission spectra of aqueous o-BMOQBA and o- 
BMQBA. The spectra are representative of the other respective isomers. 

Figures 4 A, B and C show the emission spectra of o, m, /7-BMOQBA in the presence of 
increasing cyanide concentrations. ^ = 345 nm. 

Figures 5 A and B show the emission spectrum of the control compound BMOQ with increasing 
cyanide concentrations, (A) (A^ = 345 nm) and the respective Stem-Volmer like plots for both 
BMOQ and BMQ, where F and / are the fluorescence intensities at 450 nm in the absence and 
presence of cyanide respectively, (B). 

Figure 6 shows the response of the BMOQBA probes and BMOQ towards aqueous cyanide, 
where J' and / are the fluorescence intensities at 450 nm in the absence and presence of cyanide 
respectively. 

Figures 7 A, B, C and D show the emission spectra of o, m, /7-BMQBA and the control 
compound BMQ, in the presence of increasing cyanide concentrations. Aex =320 nm. 
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Figure 8 shows the response of the BMQBA probes and BMQ towards aqueous cyanide, where /' 
and 1 are the fluorescence intensities at 450 nm in the absence and presence of cyanide 
respectively. 

5 Figure 9 shows Table 1 that sets forth dissociation constants, Kd (wM^) for the BMQBA, 
BMOQBA and BMQ probes. 

Figure 10 shows Table 2 that sets forth the values for intensity decay of BMOQ and o-BMOQBA 

« 

10 Figure 1 1 shows Table 3 that sets forth the values for intensity decay of BMQ and o-BMQBA. 

Figure 12 shows the molecular structure of ortho-, metor^ and /^ora-BAQBA probes and the 
control compound B AQ, which does not contain the boronic acid moiety. 

15 Figures 13 A, B and C show the absorption spectrum of (A) o-BAQBA and (B) BAQ with 
increasing cyanide concentration and (C) the respective wavelength ratiometric plots based on 
the^34o//(388-mn bands. 

Figures 14 A, B and C show the fluorescence emission spectra of (A) o-BAQBA and (B) BAQ 
20 with increasing cyanide concentration and (C) the respective wavelength ratiometric plots based 
on the /4so//s46-nm bands. 

Figure IS shows a photograph of two vials containing equal concentrations of o-BAQBA and 
both 0 and 1 0 »M NaCN, left vial, green color (safe) and right vial, clear (danger), respectively. 
25 Very similar findings were observed for all three boronic acid probes. 

Figures 16 A and B show the intensity decays for (A) BAQ and (B) o-BAQBA in the absence 
and presence of aqueous cyanide. RF, instrumental response function, fwhm » 1.1 ns. Similar 
results were also obtained for m- and p-BAQBA. 

30 

Figure 17 shows Table 4 that sets forth values for the intensity decay of BAQ and o-BAQBA. 

Figures 18 A and B show the absorption spectra of o-BAQBA with increasing cyanide 
concentrations, in the presence of 100 mM glucose (A), and the respective ratiometric plots 
35 (A34o/A388-nm bands) for o-, m-, and p-BAQBA in the presence of either 100 mM glucose or 
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Figures 19 A and B show the emission spectra of o-BAQBA with increasing cyanide 
concentrations, in the presence of 100 mM glucose, A«c=358nm (A), and the respective 
5 ratiometric plots {Uso/Is^-nm bands) for o-, m-, and /?-BAQBA in the presence of either 100 mM 
glucose or fructose, for increasing cyanide concentrations (B). 

Figures 20 A and B show the absorption spectra of o-BAQBA with increasing cyanide 
concentrations, in the presence of 50 mM glucose, S mM fructose, and SO mM chloride, (A), and 
10 the respective ratiometric plots (AsAo/Assr-tmi bands) for o-, m-, and /t-BAQBA in the presence of 
the same physiological-like background cocktail with increasing cyanide concentrations (B). 

Figures 21 A and B show the emission spectra of a-BAQBA with increasing cyanide 
concentrations, in the presence of 50 mM glucose, 5 mM fructose, and 50 mM chloride, Atac=358 
15 nm (A), and the respective ratiometric plots (/45o//546-mn bands) for o-, /w-, and /7-BAQBA in the 
presence of the same physiological-like background cocktail, for increasing cyanide 
concentrations (B). 

Figure 22 shows the molecular structures of probes screened for their interactions with aqueous > 
20 cyanide. DSTBA, 4'-dimethylaminostilbene-4-boronic acid; CSTBA, 4'-cyanostilbene-4-boronic 
acid; Chalc 1, 3-[4'(dimethylamino)phenyl]-l-(4'-boronophenyl)-prop-2-en-l-one; ANDBA, 
9, 1 0-bis[[iV-methyl-iV-(o-boronobenzyI)amino]methyl]-anthracene; PAN SBA, 1 -(4- 

boronophenylazo)-2-hydroxy-3,6-naphthalenedisulfonic acid disodium salt. 

25 Figures 23 A and B show the fluorescence emission spectra of DSTBA with increasing 
concentrations of aqueous cyanide (A) and the respective ratiometric plot using the intensities at 
450and515nm(B). 

Figures 24 A and B show the fluorescence emission spectra of CSTBA with increasing 
30 concentrations of aqueous cyanide (A), and the respective ratiometric plot using the intensities at 
390 and 455 nm (B). 

Figures 25 A and B show the fluorescence emission spectra of Chalc 1 with increasing 
concentrations of aqueous cyanide (A), and the respective ratiometric type plot using the initial 
35 fluorescence intensity, at 570 nm in the absence of cyanide, and in the presence of increasing 
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cyanide concentrations, / (B). 

Figures 26 A and B show the fluorescence emission spectra of ANDBA with increasing 
concentrations of aqueous cyanide (A) and the respective ratiometric type plot using the initial 
5 fluorescence intensity, /, at 425 nm in the absence of cyanide, and in the presence of increasing 
cyanide concentrations, /(B). 

Figures 27 A and B show the absorption spectra of PANSBA with increasing concentrations of 
aqueous cyanide (A) and the respective ratiometric plot using the intensities at 542 and 480 nm 
10 (B). 

Figure 28 shows a photograph of two vials containing equal concentrations of PANSBA with 
both 0 and 50 jiM NaCN (left vial orange color (Safe) and right vial pink color (Danger), 
respectively). 

15 

DETAILED DESCRIPTION OF THE INVENTION 

Generally, the nomenclature used herein and the laboratory procedures are well known and 
commonly employed in the art. Conventional methods are used for these procedures, such as 
20 those provided in the art and various general references. Where a term is provided in the 
singular, the inventors also contemplate the plural of that term. As employed throughout the 
disclosure, the following terms shall be understood to have the following meanings. 

"Fluorophore,'' as used herein, is intended to encompass a chemical or biochemical molecule or 
25 fragments thereof that is capable of interacting or reacting specifically with a cyanide compound 
in a test sample to provide one or more optical signals. A preferred embodiment of the invention 
includes a fluorescent phenyl boronic acid compound, wherein the fluorophore moiety comprises 
a heterocyclic quaternary nitrogen (a ring nitrogen) linked through a phenyl ring with the boronic 
acid moiety. Preferred fluorophores are those that are sufficiently water-soluble such that they 
30 are useful for assays conducted in aqueous- or partially-aqueous solution. Sufficient solubility is 
the solubility needed to maintain a useful concentration of both free fluorophores and cyanide- 
bound forms of the fluorophores in the assay solution, typically a solubility of 0.1 z<M to 10 »M. 

As used herein, "aiyl" is intended to be broadly construed as referring to carbocyclic (e.g., 
35 phenyl, naphthyl), as well as heterocyclic aromatic groups (e.g., pyridyl, thienyl, fiiranyl, etc.). 
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1 

and encompassing unsubstituted as well as substituted aiyl groups, wherein tiie substituents of 
substituted aryl groups may include any sterically acceptable substituents which are compatible 
with such aryl groups and which do not preclude the efficacy of the co-solvent compound for its 
intended utility. Examples of substituents for substituted aryl groups include one or more of 
5 halogen (e.g., fluoro, chloro, bromo, and iodo), amino, amido, Ci -C4 alkyl, Ci -C4 alkoxy, nitro, 
trifluoromethyl, hydroxy, hydroxyalkyl containing a Ci -C4 alkyl moiely, etc. 

"Changes in fluorescence," as used herein, encompasses changes in fluorescence lifetime, 
intensity, emission maxima, absorption maxima, anisotropy, and any measurable parameter 
1 0 associated with fluorescence spectroscopy. 

"Ratiometric sensing," as used herein, encompasses comparative fluorescence intensities in the 
form of a ratio, whereby the numerator and denominator were measured at the same emissive 
. wavelength (if single emission band) or different emissive wavelengths (if dual emission bands 
or observed red or blue shifls). 

The invention described herein generally relates to a method for detecting and quantifying a 
cyanide compound by changes in fluorescent properties of boronic acid containing fluorophore- 
sensing moieties. The fluorophore sensing moieties interact or react with a cyanide compoimd to 
provide an optical or fluorescent signal, which is indicative of the cyanide concentration in a test 
sample. 

Examples of optical signals include changes in the optical properties, including, but not limited 
to, a change in color, changes in intensity (absorbance or fluorescence) at the same or different 
25 wavelengths, a spectral (absorption or emission) shift, changes in lifetime of luminescence 
(fluorescence, phosphorescence, and the like). 

A preferred fluorophore is a chemical moiety that comprises a boronic acid moiety that, when 
interacting with a CN' anion, changes from the neutral form of the boronic acid to the anionic R- 
30 BXCN)3 form, which in turn interacts with an electron deflcient (positively charged) quaternary 

heterocyclic nitrogen center as shown in Figure 1. Preferably, when the complex is illuminated 
with visible, ultraviolet or infrared radiation at one wavelength, it will emit radiation at a 
measurably different wavelength. 

35 A detectable fluorescence response, as used herein, is a change in a fluorescent property of the 
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boronic acid containing fluorophore that is capable of being perceived, either by direct visual 
observation or instrumentally, and the presence or magnitude of which is a function of the 
presence of a cyanide compoimd in the test sample. This change in a fluorescence property may 
include a change in fluorescence intensity, fluorescence quantum yield, fluorescence 
5 polarization, fluorescence lifetime, a shift in excitation or emission wavelength or a combination 
of these effects. Spectral changes that result in an enhancement or quenching of fluorescence 
intensity and/or a shift in the wavelength of fluorescence emission or excitation are preferred. 

A preferred boronic acid containing fluorophore shows at least a two-fold change in net 
10 fluorescence emission intensity (either higher or lower), or a 25% difference in fluorescence 
lifetime (either shorter or longer). 

Alternatively, the binding of cyanide shifts the excitation or emission wavelength of the boronic 
acid containing fluorophore at least 10 nm (either to shorter or longer wavelength), preferably 25 
15 nm or greater is preferred. 

For selected embodiments of the invention, the boronic acid containing fluorophore is highly 
fluorescent in the absence of the cyanide compound and shows a decrease in fluorescence 
intensity and fluorescence lifetime upon binding the cyanide compoimd. In another embodiment 
of the invention, the boronic acid containing fluorophores have a low fluorescence in a cyanide- 
free solution and exhibits an increase in fluorescence intensity or fluorescence lifetime upon 
binding or reacting with a cyanide compound. In yet another embodiment of the invention, the 
fluorescence intensity remains approximately the same but there is a shift in the excitation or 
emission spectrum, or both, upon cyanide binding or reacting. 

The fluorophore is added to the test sample as in an aqueous or non-aqueous solution or 
immobilized on a solid or semi-solid support. In either case, the flourophore concentration must 
be sufficient to generate a detectable fluorescent response in the presence of the cyanide 
compound. Typically, for a given cyanide compound, the resulting fluorophore solution has a 
concentration of 100 nm to 20 ziM in water or aqueous buffer. More typically, the fluorophore 
solution has a concentration of 1 uM to 10 i/M. 

ft 

In another embodiment of the invention, the boronic acid containing fluorophore is present by 
virtue of being immobilized or adsorbed on a solid or semi-solid support. Alternatively, the 
35 boronic acid containing fluorophore is present in a gel or other matrbc. In this embodiment, 
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contact between the test sample and the boronic acid containing fluorophore optionally requires 
agitation of the test sample, and/or additional time for the diffusion of cyanide compounds to the 
boronic acid containing fluorophore. 

After addition of the boronic acid containing fluorophore to the test sample, the sample is 
illuminated by a light source capable of exciting either the free boronic acid containing 
fluorophore, the boronic acid containing fluorophore-cyanide complex, or both. In those 
embodiments wherein bindmg the cyanide compound results in a loss of fluorescence, the 
observation of a loss of fluorescent signal from the free boronic acid containing fluorophore 
serves as an indication that the cyanide compound is present Typically, the sample is excited by 
a light source capable of producing light at or near the wavelength of maximum absorption of the 
boronic acid containmg fluorophore-cyanide complex. Preferably the sample is excited with a 
wavelength within 20 nm of the maximum absorption of the boronic acid containing fluorophore- 
cyanide complex. 

Changes in the boronic acid containing fluorophortfs fluorescence properties (quantum yield, 
lifetime, polarization or wavelength) upon binding the cyanide compound are detected 
qualitatively, or optionally quantitatively, by detection of the resultant light emission. Many 
techniques are known to those in the art for measuring the time dependence of fluorescence 
emission, including streak cameras, time correlated single photon countmg, direct measurement 
of the time resolved fluorescence, upconversion techniques, phase-sensitive detection, boxcar 
techniques, and the like. Similarly, while lasers as light sources and photomultiplier tubes as 
detectors have been used, for some applications adequate or improved perfonnance may be 
achieved by the use of LED*s, laser diodes, electroluminescent sources, arc lamps, spark gaps, 
xenon arc lamps, incandescent lamps, or other sources. In the same fashion other light detectors 
may be used, including microchannel plate photomultiplier tubes, photodiodes, avalanche 
photodiodes, streak cameras, CCD's and other detectors known to the art may be used. 

In another embodiment, the step of observing is optionally made remotely by incorporation of the 
boronic acid containing fluorophore as part of a fiber optic probe. In this embodiment of the 
invention, the boronic acid containing fluorophore is attached to the fiber optic probe material, 
typically glass or fiinctionalized glass (e.g., aminopropyl glass) or the boronic acid containing 
fluorophore is attached to the fiber optic probe via an mtermediate polymer, such as 
polyacrylamide. The observation of a detectable change in the fluorescence properties of the 
boronic acid containing fluorophore (detectable fluorescence response) is optionally used to 
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simply identify the presence of the cyanide in the test sample. Alternatively, the detectable 
fluorescence response is quantified and used to measure the concentration of the cyanide in the 
test sample. Quantification may be performed by comparison of the fluorescence response to a 
standard, or calibration, curve. The standard curve is generated according to methods known in 



5 the art using varying and known amounts of the cyanide in standard solutions. 

The measurement of quenching can be determuied by techniques well known to those in the art, 
including measuring the change in fluorescence lifetime, fluorescence intensity, excitation 
spectrum of the donor, or fluorescence dichroism. The preferred embodiment of this invention is 

10 to measure the change in fluorescence lifetime which provides a more precise and artifact-free 
measurement than other methods. It is also preferable to measure these time-dependent changes 
by phase fluorometry, which is also called phase-modulation fluorometry, or frequency-domain 
fluorometry. The proportion of short lifetime emitters attributed to the bound form of the 
macromolecule can be correlated with a unique phase angle and demodulation ratio at some 

15 suitable modulation frequency. The proportions of each form (bound vs. unbound) can be 
determined by measuring phase shifts and demodulations over a suitably wide range of 
frequencies and fitting them to decay law (Lakowicz, J. R. and L Gryczynski, "Frequency- 
Domain Fluorescence Spectroscopy," in Topics in Fluorescence Spectroscopy Vol I: Techniques 
(J. R. Lakowicz, ed.) New York, Plenum Press, pp. 293-336). 



The invention is further illustrated in the following examples, which are not intended to be in any 
way limiting to the scope of the invention as claimed. 



Fluorescence spectra were collected on a Varian eclipse spectrofluorometer with solution optical 
densities less than 0.2 and A«x = 345 and 320 nm for BMOQBA and BMQBA, respectively. 



30 and Dissociation constants (Kd) were obtained by fitting the titration curves with aqueous 
sodium cyanide to the relation: 



20 



Example 1 



25 



Stability (Ks - units mM"^ or mof? dm^ for ChT and mM"' or mol'^ dm^ for glucose and fructose) 



I = 



(1) 



35 




15 



wo 2005/029033 PCT/US2004/030066 



where /mm and /max are the initial (no cyanide) and final (plateau) fluorescence intensities of the 
titration curves, where Kd= (1/Ks). 

5 Time-resolved intensity decays were measured using reverse start-stop time-correlated single- 
photon counting (TCSPC) [31] with a Becker and Hicki gmbh 630 SPC PC card and an un- 
amplifed MCP-PMT. Vertically polarized excitation at 372 nm was obtained using a pulsed 
LED source (1 MHz repetition rate) and a sheet polarizer. The instrumental response function 
was ~L1 ns fwhm. The emission was collected at the magic angle (54.7**) using a long pass filter 
1 0 (Edmund Scientific), which cut off wavelengths below 416 nm. 

The intensity decays were analyzed in terms of the multi-exponential model [31]: 

/(0=Z/<Xiexp(-//Ti), (2) 

where Oi are the amplitudes and xj the decay times, Oj « i.o. The fractional contribution of each 
15 component to the steady-state intensity is given by: 

The mean lifetime of the excited state is given by: 

r-=Xf^i (4) 

and the amplitude-weighted lifetime is given by: 

<i^Zia/u/. (5) 

20 

The values of Oj and Xi were determined by non-linear least squares impulse reconvolution with a 
goodness-of-fit x?R criterion. [31] 

Steady-state and time-resolved (lifetime) based Stem-Volmer constants were obtained using the 
25 well-known Stem-Volmer relationship [33]: 

r/I = xo/x = 1+Ksv [Cyanide] (6) 

where /' and xq are the intensities and lifetimes in the absence of cyanide respectively, and Ksv is 
30 the Stem-Vohner constant, M^. For detailed descriptions and applications of the Stem-Volmer 
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Preparation of o-, m- and /?-N-(boronobenzyl)-6-methylquinolii]iiim bromide (BMQBA) and N- 
benzyl-6-methylquinoliniuin bromide (BMQ) 




B(OH) 



o-BMQBA 



The boronic acid containing fluorescent molecular sensing moieties o-, m- and /7-BMQBA and 
10 the control compoimd BMQ were prepared using the following generic one step synthetic 
procedure, described herein for BMQ. Equimolar amounts of 6-methylquinoline and 
benzylbromide were dissolved in 10 mL dry acetonitrile in a 25 mL round bottomed flask 
equipped with a magnetic stirrer. The reaction mixture was allowed to stir under an inert 
atmosphere for 24 hrs at room temperature. During this time, a quantitative amount of 
IS quatemized salt was precipitated as a colorless solid. The solid product recovered by filtration 
was washed several times with dry acetonitrile and then dried under vacuum for 12 hrs. BMQ 
^HNMR (D2O) 5 (ppm): 2.5 (s, 3H); 6.2 (s, 2H); 7.2-7.5 (m, 5H), 7.8 (d, IH); 8.0 (m, 2H); 8.15 
(d, IH); 9.0 (d, IH); and 9.3 (d, IH). HRMS (FAB+, H2O) m/e calculated: 234.1283 (M^-Br), 
found: 234.1291 (M'-Br). 

20 

The corresponding o-, m- and p-boronobenzyl bromides are employed instead of ben2y 1 bromide 
to obtain the isomeric boronic acid derivatives o-, m- and p-BMQBA, respectively. o-BMQBA 
NMR (D2O) 5 (ppm): 2.7 (s, 3H); 6.5 (s, 2H); 7.1 (s, IH), 7.4-7.5 (m, 2H); 8.0-8.3 (m, 4H); 
8.5 (d, IH); 8.95 (d, IH); and 9.2 (d, IH). HRMS (FAB+, H2O) ni/e calculated: 346.1978 OVT- 

25 Br), found: 346.1960 (M^-Br). #»-BMQBA ^H NMR (D2O) 5 (ppm): 2.5 (s, 3H); 6.2 (s, 2H); 
7.3-7.5 (m, 2H), 7.6 (s, IH); 7.7 (d, IH); 7.9 (d, IH); 8.0 (m, 2H); 8.2 (d, IH); 9.0 (d, IH) and 
9.25 (d, IH). HRMS (FAB+, H2O) m/e calculated: 346.1978 OVI^-Br), found: 346.1988 (M*-Br). 
/i-BMQBA ^H NMR (D2O) 5 (ppm): 2.55 (s, 3H); 6.2 (s, 2H); 7.25 (d, 2H), 7.7 (d, 2H); 7.9 (t, 
IH); 8.0-8.2 (m, 3H); 9.0 (d, IH); and 9.25 (d, IH). HRMS (FAB+, H2O) m/e calculated: 

30 346.1978 (M^-Br), found: 346.1960 (M^-Br). 
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Preparation of o-, m- and jp-N-(boronobenzyl)-6-methoxyquinoliniuni bromide (BMOQBA) and 
N-benzy]-6-methoxyquinoIiniuni bromide (BMOQ) 



5 




o-BMOQBA 

I 

The control compoimd BMOQ was conveniently prepared using the generic one-step procedure 
described above for the synthesis of BMQ, wherein d-metho^Q^quinoline was used instead of 6- 
10 methylquinoline. BMOQ 'H NMR (CD3OD) 5 (ppm): 4.1 (s, 3H); 6.3 (s, 2H); 7.3-7.5 (m, 5H); 
7.85 (m, 2H); 8.15 (t, IH); 8.45 (d, IH); 9.2 (d, IH) and 9.4 (d, IH). HRMS (FAB+, H2O) m/e 
calculated: 250.1232 (IVT-Br), found: 250.1222 (M*-Br). 

The corresponding o-, m- and /^-boronobenzyl bromides are employed instead of benzyl bromide 
IS to obtain the isomeric boronic acid derivatives o-, m- and /7-BMOQBA, respectively, o- 

BMOQBA NMR (CD3OD) 5 (ppm): 4.05 (s, 3H); 6.5 (s, 2H); 7.1 (s, IH); 7.3-7.5 (m, 2H); 

7.8-8.0 (m, 4H); 8.5 (t, IH); 8.8 (d, IH) and 9.1 (d, IH). HRMS (FAB+, HjO) wfe calculated: 

362.1927 (M*-Br), found: 362.1960 (M'-Br). m-BMOQBA 'HNMR (CD3OD) 6 (ppm): 4.0 (s, 

3H); 6.2 (s, 2H); 7.35-7.55 (m, 2H); 7.6-7.8 (m, 4H); 8.0 (t, IH); 8.25 (d, IH); 8.95 (d, IH) and 
20 9.15 (d, IH). HRMS (FAB+, H2O) na/e calculated: 362.1927 (M*"-Br), found: 362.1848 OVf-Br). 

/>-BMOQBA 'HNMR (CD3OD) 8 (ppm): 4.0 (s, 3H); 6.2 (s, 2H); 7.25 (d. 2H), 7.5-7.8 (m, 4H); 

8.0 (t, IH); 8.2 (d, IH); 8.95 (d, IH) and 9.15 (d, IH). HRMS (FAB+, H2O) m/e calculated: 

362.1927 (M*-Br), found: 362.1956 (M*-Br). 

25 Figures 3 A and B show the absorption and emission spectra of o-BMOQBA (A) and o-BMQBA 
(B) in water, where the spectra are representative of the other respective isomers shovm in Figure 
2. The o-BMOQBA shows a » 100 imi Stokes-shifted fluorescence band at 450 nm, while the 
BMQBAs show » 120 lun. The differences in the absorption spectra can be attributed to the 
n->ic* absorption band of the methoxy oxygen in the 6-position on the quinoline backbone. The 

30 large Stokes shifis for these probes is ideal for fluorescence sensing, providing for both an easy 
discrimination between excitation and observation wavelengths, and the possible use of LED's as 
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cheap excitation sources, which are well-known to be both spectrally and temporally broad [31]. 
A 372 nm pulsed LED was used for the time-resolved studies, described later. 

Figures 4 A, B and C show the emission spectra of the 3 BMOQBA isomers for increasing 
cyanide concentrations, with = 34S nm. As the cyanide concentration increases, the emission 
band at 450 nm decreases. For the control compound, BMOQ, only a very slight decrease in 
emission intensity was typically observed for increasing cyanide concentrations, which was 
attributed to dynamic fluorescence quenching (see lifetime data) by cyanide. Figure 5A, shows 
that BMOQ does not possess a boronic acid group and therefore can not bind cyanide as 
postulated in our recent reports [34, 41]. By plotting the intensity of BMOQ in the presence of 
cyanide, normalized by the intensity in the absence of cyanide, the Stem-Volmer quenching 
constant was subsequently determined to be ~ 3 nM*^, c.f. equation 6. 

From the data shown in Figure 4, intensity ratiometric type plots were constructed, i.e. the 
intensity in the absence of cyanide divided by the intensity in the presence of cyanide, as set forth 
in Figure 6. Interestingly the m-BMOQBA isomer shows a much stronger response to cyanide 
with a 10-fold intensity change with as little as 20 uM cyanide. Using equation 1 and the data in 
Figure 6, the cyanide dissociation constants were determined for the ortho, meta and para 

boronic acid probes to be 52.9, 84.0 and 20.8 wM^^ as set forth in Table 1 and shown in Figure 9, 

noting the units uM*^ or mol^ dm'^ based on the equilibrium shown in Figure 1 . These responses 
are most encouraging and suggest the use of these isomers for physiological cyanide safeguard. 
In addition, m-BMOQBA may find applications for cyanide determination post-mortem for fire 
victims, where cyanide levels exceed the 20 t/M lethal concentration threshold [1, 4, 5, 9]. 

To understand the different responses of the isomers towards cyanide it is informative to consider 
the charge neutralization-stabilization mechanism of these probes, which was recently reported 
for glucose [39, 40, 42]. Upon binding, the electron density on the boron atom of the probe is 
increased, as shown in Figure 1, facilitating the partial neutralization of the positively charged 
quaternary nitrogen of the quinolinium moiety. The quaternary nitrogen not only reduces the 
pKa of the probe [39, 40], but also stabilizes the boronate-cyanide complex formed upon cyanide 
addition. The differences in cyanide sensitivity between the isomers is explained by either their 
through-space or through-bound interactions [43, 44] with the positively charged nitrogen, the 
meta form of the probes thought to interact via both mechanisms [43, 44]. 

Figures 7 A, B, C and D show the emission spectra for the BMQBA probes and the control 
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compound BMQ for increasing cyanide concentrations. Similarly to the BMOQBA probes, the 
BMQBA probes show a notable decrease in fluorescence intensity with wM cyanide 
concentrations. BMQ is however relatively imperturbed, with a Stem-Volmer constant smaller 

than for BMOQ, Figure 4, « 0.8 xsM^. Again intensity ratiometric type plots were constructed 
5 for the data shown in Figure 7. Figure 8 shows a » 12-fold decrease in fluorescence intensity 
with 30 cyanide for m-BMQBA, ideal for cyanide physiological safeguard monitoring. 
Interestingly, the response of m-BMOQBA shows twice the response with 75 uM cyanide as 
compared to the /w-BMQBA probe. This notable difference was attributed to the difference in 
electron donating capabilities between the methyl and methoxy groups in the 6-position on the 
10 quinolinium backbone and the resultant charge on the quaternary nitrogen heterocyclic center. 
This is also reflected in the quantum yields of the probes, with /w-BMOQBA having a quantum 
yield of 0.51 as compared to 0.025 for m-BMQBA. The quantum yield values were determined 
from a spectral comparison with N- (3 sulfopropyl)-6-methoxyquinolinium, where (pf = 0,53 in 
water [31,33]. 

15 

With notable changes in the fluorescence intensities of the probes in the presence of cyanide it 
was questioned whether changes in the mean lifetime of the probe would also provide for 
lifetime based sensing. The reasoning was based on a recent report of a similar probe, based on 
the 6-amino quinoline nucleus, which showed both spectral shifts and intensity changes in the 

20 presence of cyanide, allowing for both excitation and emission wavelength-ratiometric cyanide 
sensing [34]. The dual emission bands enabled the present inventors previously to clearly 
resolve the lifetime of both the cyanide bound and unboimd probe forms where it was concluded 
that the bound form had a much shorter lifetime, a few hundred ps, in comparison to the unbound 
form which had a mean lifetime of 2.59 ns. The measured values of the lifetimes of the 

25 BMOQBA and BMQBA probes was determined using the well-known Time-correlated Single 
Photon Timing Technique, TCSPC [31], and shown in Tables 2 and 3, Figures 10 and 11, 
respectively. 

The lifetime of o-BMOQBA was found to be monoexponential in water with a lifetime of 26.71 
30 ns, (Table 2). However in the presence of cyanide the intensity decay is biexponential with a 
much shorter component now present, « 300-450 ps. This has the result of reducing the mean 
lifetime by 4-8 % over the range of physiological cyanide importance. Interestingly these 
measurements were undertaken with a pulsed UV LED with an emission centered at 372 nm, 
suggesting the utility of the BMOQBA and BMQBA probes for potential use in low power, field- 
35 deployable poison safeguard devices. Similar findings were observed for the other isomers. 
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The lifetime of the control compound BMOQ is monoexponential both in water and in the 
presence of cyanide, decreasing jfrom 27.30 25.0 ns with up to 50 uM cyanide. In 
comparison, the lifetune of o-BMOQBA in water was found to be slightly shorter, 26.71 ns. 
Using equation 6, the dynamic quenching Stem-Volmer constant was calculated to be ~ 2 nMT^ 
very similar to the value obtained from the intensity-based measurements shown in Figure 5. 
The decrease in fluorescence intensity shown in Figure 5 A was assigned to dynamic 
fluorescence quenching by cyanide. Interestingly the presence of a much shorter lifetime 
component for o-BMOQBA with cyanide, suggests more than a simple coUisional quenching 
process is present. Given this, and the fact that the intensity rapidly decreases in the presence of 
cyanide, it is speculated that the cyanide bound probe has both a short lifetime, and a 
significantly reduced quantum yield as compared to the unbound probe form. 

Table 3 as set forth in Figure 1 1 shows the intensity decay kinetics of BMQ and o-BMQBA. The 
control compound BMQ was found to be monoexponential in water with a lifetune of 2.59 ns. 
The presence of cyanide results in a slight decrease in the lifetime, the Stem-Volmer quenchmg 
constant 0.4 nKT^ not unlike that determined from the intensity plots, Figures 5 and 7. The 
intensity decay of <?-BMQBA was found to be biexponential in water, with the mean lifetime 
decreasing from 4.01 to 3.22 ns in the presence of 50 uM cyanide, a 25 % change in mean 
lifetime which can not be explained by dynamic cyanide quenching, and is therefore attributed to 
the cyanide bound form. Similar findings were observed for the other isomers. In this analysis it 
is recognized the complexity of assigning the cyanide bound lifetimes, as three possible boimd 
probe forms are possible as shown in Figure 1, and as such, all three bound forms are referred to 
as simply the cyanide bound form. 

Clearly the BMOQBA and BMQBA probes characterized herein have the advantage of showing 
both intensity and lifetime based changes to physiologically important cyanide concentrations, 
both sets of probes bringing new advantages to fluorescent probes for cyanide determination. 

The BMOQBAs typically display a greater dynamic range for sensing, with notable changes 
observed in the cyanide concentration range from about 5 mM to about 60 wM. The BMOQBAs 
are highly water-soluble and can be prepared in a one step synthesis. The 350 nm absorption 
band readily allows for UV LED excitation or even 370/400 nm laser diode excitation, which 
would not be possible with the BMQBAs (Figure 3 B). The long lifetime of the BMOQBAs (« 
26 ns) accounts for the cyanide collisional quenching, also observed with the control compound 
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BMOQ. Subsequently, these probes are likely to be susceptible to other interferences such as 
aqueous chloride or oxygen [31, 33]. With regard to interferences by physiological 
monosaccharides, the dissociation constants have been determined for the ortho, meta and para 
forms to be 49.5, 1000 and 430 mM for glucose, and 0.66, 1.8 and 9.1 mM for fructose, 
respectively. Fructose, as expected, shows a greater affinity for the monophenyl boronic acid 
probes [36], but both sugars are not expected to interfere given the more efficient binding of 
cyanide. 

The BMQBA probes also show notable changes in fluorescence intensity in the presence of 30 
uM cyanide, 14 to 8-fold, for the ortho -> para isomers respectively. Unlike the BMOQBA 
probes, this class of probes shows a biexponential lifetime in water, and a relatively much shorter 
mean lifetime (4,01 ns) that typically decreases 25 % with the addition of 50 uM cyanide. The 
lifetime reduction is thought to be due to the cyanide bound form, given the very minor changes 
observed with the control compound BMQ. Interestmgly, these probes are not likely to be 
perturbed much by other coUisional quenchers due to their short lifetimes. With regard to 
fluorescence lifetime sensing, these changes are readily detectable using simple and cheap 
instrumentation [31]. The dissociation constants of the ortho, meta and para forms of BMQBA 
were found to be 100, 476 and 370 mM for glucose, and 4.7, 13.2 and 13.8 mM respectively for 
fructose. One particular disadvantage of these probes however, is their requirement for UV 
excitation at 320 nm, which while possible with LEDs as shown here, to some degree limits their 
practical use in rapid analysis, portable, field deployable devices, areas of active research [10- 
30]. 

Example 2 

Molecular structure of ortho-^ meta-, and para-BAC^BA probes and the control compound BAQ, 
which does not contain the boronic acid moiety are shown in Figure 12. 

All solution absorption measurements were performed in a 4 x 1 x i-cm quartz cuvette (Stama), 
using a Gary 50 spectrophotometer from Varian. Fluorescence spectra were similarly collected 
on a Varian Eclipse spectrofluorometer with solution optical densities less than 0.2 and 3lex=358 
nm. Stability, dissociation constants (jKb), mean lifetime, intensity decay were determined as set 
forth in Example 1 . 

Figures 13 A and B show the absorbance for both o-BAQBA and BAQ with increasing cyanide 
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concentrations, respectively. As the cyanide concentration increases the absorption band at 388 
nm decreases while the band at 340 nm increases. Notably, significant changes in both bands 
can be seen as the cyanide concentration is increased (Figure 13 A). As expected the absorption 
spectrum of BAQ is unchanged by the addition of cyanide, confirming expectations that the 
5 boronic acid moiety of BAQBA binds cyanide as depicted in Figure 1 and that BAQ does not 
To the best of our knowledge, the boronic acid group has not been reported to both bind and thus 
sense cyanide in this manner. All three BAQBA probes showed similar responses to cyanide. 
Subsequently, Figure 13 C shows the absorption wavelength ratiometric plots for all three 
BAQBA probes and BAQ based on the AsAo/As^^-nm bands. Interestingly, iw-BAQBA shows a 
10 much stronger response with a greater dynamic sensing range than the other two ortho- and para- 
BAQBA probes. 

The fluorescence emission of the BAQBA probes shows similar wavelength ratiometric behavior 
(Figure 14 A) where Xex=358 nm, i.e., at the isobestic pomt. As the cyanide concentration 

15 increases, a decrease in tfie S46-nm emission band was seen and a subsequent increase in the 
450-nm band, which is attributed to the emission of the cyanide-bound complexed form. This 
ratiometric response can also be seen visually in Figure 15. Interestingly, solutions of o-BAQBA 
showed useful color changes from green (Safe) to completely colorless (Danger) by the addition 
of 20 uM cyanide as shown in Figure 15. This result strongly suggests the use of these BAQBA 

20 probes for cyanide determination <20 wM, which is important for physiological detection and 
safeguard. In contrast, BAQ shows very little change in fluorescence intensity (Figure 14 B), 
with no ratiometric behavior observed (Figure 14 C). 

The fluorescence emission wavelength ratiometric response was constructed and shown in Figure 
25 14 C, wherein all three BAQBA probes having a similar response to aqueous cyanide. By 
comparing Figure 13 C and Figure 14 C, a greater change is observed for the ratiometric 
absorption measurements, reflecting the difference in extinction coeflScients and quantum yields 
of the CN" unbound and bound forms, respectively. Using Equation 1 and the data as set forth in 
Figure 14 C, the cyanide binding constants were determined for the ortho-y meta-^ and para- 
30 boronic acid probes to be 0.12, 0.17, and 0. 14 «M"^, noting the units uM"^ or mol'^ dm^. 

The lifetimes of the probes were measured in the absence and presence of cyanide, using the 
well-known TCSPC technique [31] to investigate the possibility of fluorescence lifetime 
ratiometric sensing (see Figures 16 A and B and data of Table 4 shown in Figure 17). BAQ was 
35 found to be monoexponential in Millipore water with a lifetime of J=2.49 ns, unperturbed by the 
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addition of sodium cyanide and further strengthening the proposed cyanide binding mechanism 
as shown in Figure 1. This can be clearly seen in Figure 16 A where the addition of 20 uM 
NaCN does not perturb the intensity decay of BAQ. 

5 The lifetimes of the two emission bands of the B AQB A probes were measured separately, using 
both a 380-nm long-pass filter and a 550-nm ±10 interference filter. Table 4 (Figure 17) shows 
that the lifetimes of the emission band at 550 nm is unaltered by aqueous NaCN, where both the 
mean and the amplitude weighted lifetimes remain approximately constant. However, when the 
lifetimes were determined through a 380-nm long-pass filter a short-lived component, <400 ps, 

10 becomes evident at high dT concentrations as shown in Table 4, as a third component in the 
intensity decay. This can be seen visually in Figure 16 B and is in contrast to that observed for 
BAQ. This short-lived component was assigned to the lifetime of the CN" bound complex form 
of the o-BAQB A. While this short-lived species is measurable with a UV LED for excitation 
(fwhm »L1 ns), it's ps lifetime prevents its practical use for ratiometric lifetime sensing [31, 32]. 

15 Similar results were found for all three BAQBA probes, with a longer lifetime component 
additionally observed for /w-BAQBA. 

The afBnity of boronic acid for diols is well known. As such, the response of the BAQBA 
probes toward glucose and fructose was tested, and using Equation (1) the binding constants for 

20 o- and m- was determined to be 3.90 and 3.18 mM"^ for glucose and 1.06 and 1.55 mM"^ for 
fiuctose (data not shown; no data are available for /^-BAQBA). Interestingly, the response for 
glucose was found to be higher than that for fructose, but all were significantly lower than that 
determined for cyanide. While it is difficult to make direct comparisons because the units are 
dififerent, the relatively higher affinity for the cyanide anion suggests that monosaccharides, such 

25 as glucose and fiuctose, would not interfere in cyanide measurements. 

Subsequently, the absorption and emission wavelength ratiometric response were measured in 
the presence of a constant background of 100 mM glucose or fructose (Figures 18 and 19, 
respectively). Interestingly, the presence of the sugars did not interfere with the cyanide 
30 measurements, similar results being determined for cyanide in both the absence (just in water) 
and the presence of either 100 mM glucose or fiuctose. The relatively higher binding affinity for 
cyanide by m-BAQBA was not surprising, given similar reports for other we/a-positioned 
boronic acid groups on other fluorophores [38]. 

35 The quenching of the BAQBA probes by aqueous chloride was tested, which is known to quench 
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some quinolinium fluorescence [33]. The Stem-Volmer constants were determined, J^sv [33], 
for a-, m-, and p-BAQBA all to be =;l.O M"*, in essence displaying only a very weak quenching 
[33]. This was surprising as many quinolinium-type fluorophores have much more notable 
responses toward chloride and are therefore used as chloride probes [32 and 33]. The absorption 
5 and the emission wavelength ratiometric responses of the BAQBA probes were tested toward 
cyanide in the presence of a physiological-like cocktail of 50 mM glucose, 50 mM chloride, and 
5 mM fructose (Figures 20 and 21, respectively). The results show that the response toward 
cyanide is maintained and that these potential physiological interferences do not perturb the 
dynamic range for cyanide sensing as shown in Figures 20 B and 21 B. 

10 

The relatively higher binding constant for cyanide than for glucose and fructose and the fact that 
chloride does not quench BAQBA florescence strongly suggests the use of these probes for 
physiological cyanide determination and safeguard. 

1 5 Example 3 

To show the generic application of the boronic acid moiety to cyanide sensing, several different 
mechanisms were chosen, which have been previously used to induce spectral changes in the 
presence of sugar. In particular dyes were used that showed excited-state charge transfer (CT) 
20 [37, 36, 35 and 46], photo-induced electron transfer (PET) [49] and a probe based on a resonance 
interaction (RI) [47]. The fluorescent probes, as shown in Figure 22, were prepared as 
previously reported [37, 36, 35, 47, 48 and 49]. 

Figure 22 shows two stilbene derivatives that contain the boronic acid moiety. DSTBA, 4 - 
25 dimethylaminostilbene-4-boronic acid, which combines the electron-donating dimethylamino 
group with the electron-withdrawing boronic acid group and CSTBA, 4'-cyanostilbene-4-boronic 
acid, which combines the electron-withdrawing cyano group with boronic acid. 

Figure 23 A shows the fluorescence emission spectra of DSTBA with increasing concentrations 
30 of aqueous cyanide. The emission spectra show a hypsochromic shift of about 40 nm and an 
increase in fluorescence intensity as the concentration of cyanide is increased. These dramatic 
and useful changes were also observed with monosaccharides [36] and can be explained by the 
loss of the electroa-withdrawing property of the boronic acid group following the formation of 
the anion cyanide bound form, R-B-(CN~)3, as shown in Figure 1. The emission wavelength 
35 ratiometric plots were constructed based on the 450 and 515 nm intensity values (Figure 23 B) 
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where an almost linear response towards aqueous cyanide can be observed up to physiological 
safeguard limits, <20 pM. Using Equation 1 as set forth in Example 1, the dissociation constant 
was estimated to be ~ 27 pM^ as shown below in Table 5, as compared to a value of 98 mM for 
D-glucose and 2.5 mM for D-fructose, as previously reported in reference [36]. 

5 

Table 5 Dissociation constants of the probes with cyanide in water 



Probe 




ANDBA 


3.90 


DSTBA 


27.20 


CSTBA 


6.90 


Chalcl 


3.60 


PANSBA 


7.95 



The CSTBA stilbene derivative possesses two electron-withdrawing groups. In the presence of 
cyanide, a 35 nm bathochromic shift, accompanied by a decrease in fluorescence intenshy is 

10 observed as shown in Figure 24 A. This is opposite to that observed for DSTBA but similar to 
that reported for a sugar response [36, 34]. This difference in behavior can likewise be attributed 
to an excited CT state present for the anionic form of CSTBA, where no CT states are observed 
for the neutral form of the boronic acid group [36]. This suggests that the anionic form of the 
boronic acid group can act as an electron-donating group. Similarly for DSTBA, the emission 

15 wavelength ratiometric plot was constructed based on the 390 and 455 nm emission intensity 
values as shown in Figure 24 B, where up to a 6-fold change in /390//455 can be observed in the 
cyanide physiological safeguard region. 

Chalcone derivatives, unlike the stilbenes, have the advantage of much longer wavelength 
20 emission, allowing their potential use with cheaper and longer wavelength laser or light emitting 
diode sources. For Chalc 1, the boronic acid group does not produce resonance forms vdth the 
electron-donating amino group [45, 36]. The CT occurs between the dunethylamino group 
(electron-donating group) and the carbonyl group (electron-withdrawing group). Upon cyanide 
binding to the boronic acid group, a change in the electronic properties of the boronic acid group, 
25 directly leads to a change in the electronic density of the acetophenone moiety, noting that the 
boronic acid group is in resonance with the carbonyl group. The spectral changes observed in 
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Figure 25 A were very similar to those obtained with sugar [36], further confirming the cyanide 
complexation interaction. Additionally, Figure 25 B shows the fluorescence intensity of Chalc 1 
as a function of increasing cyanide concentration, normalized by the initial intensity in the 
absence of cyanide. An approximate 3.5-fold intensity change is observed with the addition of 
5 10 pM ChT, with a dissociation constant of 3.6 |jM^. 

Photo-induced electron transfer is often used as a mechanism for fluorescence quenching in the 
development of many sensors [49]. The quenching is due to an electron rich amino group near 
the fluorophore. When the analyte of choice binds to the PET probe, then this new interaction 
10 with the nitrogen's lone pair dominates, removing the quenching, with an increase in 
fluorescence intensity observed. For glucose sensors, the mechanism is slightly different. In this 
case, changes in the acidity of the boron atom and the nitrogen atom in the presence of glucose 
are responsible for the intensity changes. 

15 Figure 26 A shows the interaction of an anthracene derivative, ANDBA, containing amino and 
phenyl boronic acid groups, with aqueous cyanide. This PET probe has been well characterized 
with regard to monosaccharides. The addition of 10 pM cyanide almost completely quenches the 
ANDBA fluorescence, with a ^ 15-fold, almost linear change in fluorescence intensity observed 
at 425 nm. This remarkable dynamic quenching range is most attractive here for physiological 

20 cyanide safeguard monitoring. In addition, ANDBA has been reported as a suitable fluorescence 
lifetime probe for glucose [49], which suggests its analogous use as a lifetime probe for cyanide. 
It is widely known that lifetime based sensing is preferred, as compared to intensity based 
sensing [31, 32], as fluorescence lifetimes are generally independent of the probe concentration 
and intensity of the fluorescence signal, as well as fluctuations in the excitation source. 

25 

■ 

Finally to assess the utility of boronic acid containing fluorophores for cyanide sensing, the use 
of azo-type dyes was considered which have been reported as being ideal "Color Chemosensors'' 
for monosaccharides [47]. Again, a change in the electronic properties of the boronic acid 
between its neutral form (no cyanide) and anionic form (with cyanide) accounts for the spectral 

30 changes observed. Figure 27 A shows the changes in absorption spectra for increasing cyanide 
concentrations, where the small absorption changes are enough to be detected visually as shown 
in Figure 28. A colorimetric type response towards aqueous cyanide is visible as the solution in 
the left vial orange (Safe) changes to pink (Danger). While the absorption ratiometric plot shown 
in Figure 27 B shows a relatively smaller dynamic sensing range as compared to others discussed 

35 here, the utility of this probe clearly lies in its visual response. It should be noted that the color 
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change is thought to be due to the conformational change of the boron atom between its neutral 
and anionic forms, i.e., the boronic acid group is an electron-deficient Lewis Acid having an sp^- 
hybridized boron atom and a triangular conformation, while the anionic form is an electron rich 
sp -boron atom with a tetrahedral geometiy. Despite the changes between the electron- 
5 withdrawing and donating properties of the boronic acid group, the effect of intramolecular 
charge transfer is thought to be weak [47]. 

Given that cyanide induces spectral changes, it is concluded that cyanide complexation with 
boronic acid does not appear specific to just certain classes of fluorophores. This important 
10 finding suggests the widespread application of boronic acid containing fluorophores for cyanide 
sensing. 

Abreviations: 



15 ANDBA, 9,10-bis[[JV^methyl-iV-(o-boronoben2yl)aniino]methyl]-anthracene; 
BA, boronic acid; 

BAQ, iV^benzyl-6-aminoquinolinium bromide; 

o, OT. /7-BAQBA - N-(2, 3 or 4-boronobenzyl)-6-aminoquinolinium bromide. 

o,m,p'BMOQBA - N-2, 3 or 4-boronobenzyl)-6-metho3cyquinolinium bromide 
20 BMOQ - N-ben2yl-6-methoxyquinolinium bromide 

o,m,p-BMQBA - N-(2,3,4-boronobenzyl)-8-methylquinolinium bromide 

BMQ -N-ben2yl-6-methylquinolinimn bromide 

BAF and BAFs, boronic acid containing fluorophore/s; 

CSTBA, 4'-cyanostilbene-4-boronic acid; 
25 CT, charge transfer; 

Chalc 1, 3-[4'(dimethylamino)phenyl]-l-(4'-boronophenyl)-prop-2-en-l-one; 
DSTBA, 4 -dimethylaminostilbene-4-boronic acid; 
GI tract, gastrointestinal tract; 
Ksv - - Stem-Volmer quenching constant 
30 LD - Laser Diode 

LD50 - Lethal dose to 50 % of the population 

LED - Light Emitting Diode » 

PANSBA, l-(4-boronophenylazo)-2-hydro;Q'-3,6-naphthalenedisulfonic acid disodium salt; 
PET, photo-induced electron transfer 
3 5 TCSPC - Time-Correlated Single Photon Counting 
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